We have studied the ability of the histone (H3-H4)2 tetramer, the central part of the nucleosome of eukaryotic chromatin, to form particles on DNA minicircles of negative and positive superhelicities, and the effect of relaxing these particles with topoisomerase I. The results show that even modest positive torsional stress from the DNA, and in particular that generated by DNA thermal fluctuations, can trigger a major, reversible change in the conformation of the particle. Neither a large excess of naked DNA, nor a crosslink between the two 113s prevented the transition from one form to the other. This suggested that during the transition, the histones neither dissociated from the DNA nor were even significantly reshuffled. Moreover, the particles reconstituted on negatively and positively supercoiled minicircles look similar under electron microscopy. These data agree best with a transition involving a switch of the wrapped DNA from a leftto a right-handed superhelix. It is further proposed, based on the left-handed overall superhelical conformation of the tetramer within the octamer [Arents, G., Burlingame Nucleosome dynamics is a necessary requirement of DNA function in chromatin, including transcription, replication, or repair. It has long been thought to be mediated by the tripartite organization of the histone octamer, made of an (H3-H4)2 tetramer bound with two H2A-H2B dimers (1). Thermodynamic studies of octamer assembly and disassembly showed that the forces holding the tetramer and dimers together are of a different nature and much stronger than the forces binding the dimers to the tetramer (1, 2), inspite of an extensive dimer-tetramer interface. This interface is disrupted in the first step of octamer disassembly.
Nucleosome dynamics is a necessary requirement of DNA function in chromatin, including transcription, replication, or repair. It has long been thought to be mediated by the tripartite organization of the histone octamer, made of an (H3-H4)2 tetramer bound with two H2A-H2B dimers (1) . Thermodynamic studies of octamer assembly and disassembly showed that the forces holding the tetramer and dimers together are of a different nature and much stronger than the forces binding the dimers to the tetramer (1, 2), inspite of an extensive dimer-tetramer interface. This interface is disrupted in the first step of octamer disassembly.
The crystal structure of the nucleosome core particle (3), and even more so, of the histone octamer (4) , subsequently confirmed this tripartite organization. Moreover, one of the H2A-H2B dimers in the crystal structure of the core particle appears significantly displaced from its original position (3) , which probably reflects the effects of crystal-packing forces and the relative ease with which the dimers can move relative to the tetramer. Such dimer lability may also be important in vivo, as is emphasized by the observations of an H2A-H2B deficit in nucleosome cores originating from transcriptionally active chromatin (5) , and of H2A-H2B exchange with the endogenous histone pool upon chromatin transcription (6) (7) (8) .
Here we provide evidence for a potential conformational flexibility of the (H3-H4)2 tetramer, a tribute to the role of this tripartite organization of the histone octamer in nucleosome dynamics. This conformational flexibility is suggested by the observation of a similar affinity of the tetramer for negatively and positively supercoiled DNA minicircles, which apparently arises from the ability of the wrapped DNA to switch from a left-to a right-handed superhelix. This transition is found to require only modest positive torsional stress in the DNA, and can be triggered by DNA thermal fluctuations. It is further argued that such a change in DNA topology could hardly occur without a similar change in the topology of the protein itself.
MATERIALS AND METHODS DNAs. The two 357-bp fragments originate from digests of plasmids pUC(357.4) (9) with BamHI and pB357 (10) with TaqI, respectively. The first fragment contains a 5S RNA gene from sea urchin, whereas the second derives from plasmid pBR322, as the 359-bp fragment (11) . The 354-and 351-bp fragments originate from TaqI digests of plasmid pB354 and pB351 (10) , and have the same sequence as the above 357-bp TaqI fragment, except for the length differences.
Histones. Histone octamers (12) and tetramers (13) were prepared from duck erythrocyte nuclei by hydroxylapatite chromatography. The tetramer concentration was estimated from its absorbancy using A230 = 2.75 for a 1 mg/ml solution (14) , andwas cross-checked by comparison with the octamer using SDS/PAGE and quantitation of the bands after staining with Coomassie blue (15) .
Chromatin Reconstitution. DNA minicircles were reconstituted with histones (histone to DNA weight ratio = r,) using the "salt jump" method (12) in the presence of an excess of the plasmids in the supercoiled form from which the minicircles originate. Similar results were obtained through reconstitutions with the "salt dialysis" method (11), which involves a dialysis of the DNA-histone mixture from 2 M NaCl, without (not shown) or with urea (see Fig. 3 ), and the "low salt" method (11, 16) (11) , and 250 ,ug chloroquine per ml, except where otherwise stated. The radioactivity of the bands was quantitated in the dried gels using a phorphorimager (18) .
Topoisomers and Topological Measurements. Topoisomers were prepared by circularization of the above DNA fragments, before or after 32P end-labeling, in the presence of ethidium bromide or netropsin to achieve negative or positive supercoiling, respectively, and were purified by gel electrophoresis (11, 19) . Topoisomers were identified by the difference in their linking number relative to the relaxed form (ALk) (11) . ALk values were between -2.8 and + 1.2, corresponding to superhelical densities (af) between -0.083 and +0.035. Linking number increments associated with particle formation (ALkn) were measured from the topoisomer distributions in the particle relaxation equilibria (12, 20 (Fig. 1A ) and after reconstitution (Fig. 1B) . The mobility of MT remains approximately the same within the series, suggesting a constant histone stoichiometry (a single tetramer; see below). As shown in Fig. 1C , the reconstitution is about 10-fold higher on most highly. supercoiled topoisomers -1 and +1.2 than on topoisomers close to relaxation (0, +0.2, +0.5), an expected reflection of the different energies required to achieve a similar compaction with all topoisomers. The increase in reconstitution with negative supercoiling (Fig. 1C) is not surprising since it is also observed with the octamer (11) , and may simply reflect the left-handed superhelical path of the DNA on the histone surface (3, 4) . The increase with positive supercoiling, in contrast, is unique to the tetramer, and points to a major departure of the wrapped DNA from its "normal" conformation.
Relaxations of MT Particles. This normal conformation of the DNA on the tetramer surface appears to be restored upon suppression of the positive torsional stress. This is shown by topoisomerase I relaxation of the MT particle on topoisomer +1.2, referred to below as MT(+ 1.2). This relaxation ( Fig. 2A) converts all of the unreacted naked DNA into topoisomer +0.2, and generates a band containing essentially topoisomer -0.8 ( Fig. 2B ). This band comigrates with de novo reconstituted MT(-0.8), whose incubation with topoisomerase I has virtually no effect (not shown). This indicates that the major relaxation product of MT(+ 1.2) is MT(-0.8). Fig. 2A and B (lanes 4 and 6) further show that a large excess ofplasmid DNA added before the relaxation fails to trap the histones. This suggests that the reversal to the normal conformation does not involve a dissociation/ reassociation step of the histones.
The positive topoisomers +0.2 and + 1.2 present in minor amounts in Fig. 2B may be true members of the MT relaxation equilibrium. However, because the particle was assembled on the topoisomer + 1.2 in the first place, the presence of this topoisomer in the relaxation products may merely be the result of an increased difficulty of the enzyme to relax the particle as compared with naked DNA. Since the relaxation equilibrium should not depend on the particular topoisomer on which the particle is first assembled (20) 23). Finally, it is noteworthy that, among the positive topoisomers observed in the MT equilibria, +0.2 ( Fig. 2 A and C) and +0.5 ( Fig. 2F) are also produced upon relaxation of the naked minicircles (20) , whereas +1.2 ( Fig. 2 B, D , and E), +1.5 (Fig. 2F) , and + 1 (Fig. 2G ) are specific to MT.
Inter H3 Crosslinking Through a Disulfide Bridge Does Not Prevent the Transition. Previous work has shown that an octamer containing H3s crosslinked by a disulfide bridge can assemble into apparently normal nucleosomes (24) . This has pointed to a location of the two H3 cysteines (at position 110) on the nucleosome dyad axis, which has been confirmed by fluorescence (25) and crystallographic studies (26) . Consistent with this observation, the MT particle formed on topoisomer -1 with a tetramer containing 100% dimerized H3 ( Fig. 3B ; lane C2) resembles that obtained with the normal tetramer ( Fig. 3B ; lane Cl) (compare lanes 4 and 5 with lane 1 in Fig. 3A ). This similarity extends to topoisomers 0 and + 1 (lanes 2, 3, and 6-9 in Fig. 3A) . A low reconstitution on topoisomer 0 and a reconstitution ratio between topoisomers -1 and +1 of about 2:1 are observed with both control and oxidized tetramers (see Fig. 1C ).
The tetramer is incorporated in the oxidized form, and there is no subsequent reduction of the S-S bridge, as can be demonstrated by second-dimension electrophoresis of the excised bands in an SDS-containing gel (Fig. 3B, lanes 2 and 4) . The S-S bridge has no effect on the transition, as is made clear by seconddimension electrophoresis of particles reconstituted with a 1:1 mixture of normal and oxidized tetramers (Fig. 3B, lanes 1 and 3) , which shows the same proportions of the two tetramer forms as in the control (Fig. 3B, lane C3) . Moreover, relaxation of the MT particle reconstituted with the oxidized tetramer on topoisomer -2 of the 359-bp minicircle leads to an equilibrium (not shown) virtually identical to that displayed in Fig. 2G .
Electron Microscopic Visualization. H2A-H2B dimers are not incorporated when nucleosome reconstitution is attempted on a positive topoisomer. While the topoisomer -1 gives rise to both MO and MT when reconstituted with the octamer and the tetramer, respectively, the topoisomer + 1 leads only to MT (Fig.  4A ). This result shows that the normal affinity of H2A-H2B dimers for the tetramer is abolished in the presence of positive torsional stress, and is also in keeping with the known sequential deposition onto the DNA of the tetramer first and H2A-H2B Electron microscopy of samples shown in Fig. 4A 
DISCUSSION
DNA Conformation. Tetramer affinity for DNA has been observed to increase not only with negative but also positive supercoiling ( Fig. 1 B and C) . The following considerations argue for this result to reflect a switch of the tetramer-bound DNA from a left-handed to a right-handed form. First, let us consider the DNA conformation in MT(-1), the complex of the tetramer with topoisomer -1. Electron microscopy revealed that DNAwraps in this particle into 0.67-0.75 turn of a presumably left-handed superhelix (Fig. 4 B and C) , a figure at variance with footprinting and physico-chemical results in the literature (30) (31) (32) and our own footprinting data (A. Sivolob and A.P., unpublished data), which indicate a wrapping of at least 1.5 turns upon tetramer reconstitution on linear DNA. This low wrapping is likely to correspond to an attempt to minimize the free energy of DNA bending within the topological constraints of a DNA minicircle. Further wrapping would decrease the size of the loop and its mean radius of curvature, and increase the free energy of DNA bending. Assuming that the DNA superhelix around the tetramer has the same pitch as in the nucleosome, this leads to a writhing of the minicircle in the relaxed particle, Wr, of -0.8. This value was computed from a model of the nucleosome in which a DNA minicircle was partially wrapped around a cylindrical histone core, and the other part let free to fluctuate both in torsion and flexion (20, 33) . This -0.8 figure turns out to be close to the mean linking number difference (<ALk> = -0.77) of topoisomers -0.8, -0.5, and -1 obtained here as MT major relaxation products (Fig. 2) . This -0.8 figure should therefore give the linking number difference, ALkn, associated with formation of a potential transition-free MT particle (ALkn of the actual particle--0.6; see Results-originates from the occurrence of positive topoisomers in the equilibrium as a consequence of the transition). Making ALkn Wr in the equation ALkn = ATw + Wr (34) (35) (36) , it comes ATw 0. In other words, the twist of the DNA, Tw, may remain essentially unaltered upon wrapping around the tetramer, as previously reported for wrapping around the octamer in the absence (20) or presence of H5 (12) .
If this DNA left-handed conformation around the tetramer were to be preserved in MT(+ 1), ALk of the topoisomer would add to IALknI, instead of subtracting as in MT(-1), generating a linking number difference in the loop (ALk -ALkn) of +1.8. Such a large positive linking difference would preclude reconstitution in the first place, as observed for the nucleosome on the same topoisomer + 1 (Fig. 4A ). This linking difference has therefore to be relieved, and this can be achieved in two ways. (i) The DNA keeps its left-handedness, but overtwists on the tetramer surface. A simple calculation, not detailed here, shows that the relief of only one-half of the loop linking difference would require the wrapped DNA to adopt an helical periodicity of only 9 bp per turn. (ii) A more realistic possibility, therefore, is that the DNA switches to a right-handed superhelical path, while keeping its twist more or less unaltered. This suggests that the crossing observed in MT(+1) under the electron microscope ( Fig. 4B;  bottom) is positive, a feature that could possibly be confirmed by other techniques, such as atomic force or cryoelectron microscopies.
Interestingly, a somewhat similar conclusion was previously reached from an investigation of the influence of positive stress on nucleosome assembly (37) . Reconstitution on positively supercoiled DNA was found to result in "open" structures, which, from the criterion oftime-and temperature-dependent relaxation Biochemistry: Hamiche et aL   AOCta   Octa   A   C T.,,. T.,,. C c with topoisomerase I, appeared unable to store negative coils in the way nucleosomes on negatively supercoiled DNA did. A lack of change in the DNase I cleavage periodicity led the author to suggest an alteration in the conformation of the DNA superhelix in these structures as opposed to an overtwisting of the DNA (see above) (37) . Subsequently, however, the overtwisting model was preferred, based on the observation of a preference of the tetramer to bind DNA of moderate positive supercoiling (cr = +0.01) over DNA of negative supercoiling (oi = -0.05) at high ionic strength (38) , this preference being maintained at physiological ionic strength for DNA of high positive supercoiling (a > +0.1) (39). It was argued that both salt and positive supercoiling overtwisted the DNA, which facilitated binding by relieving the histones from doing so, in agreement with the general credence that DNA is overtwisted on the nucleosome surface (but see above) (39) . Although this binding preference is fully consistent with the data in Fig. 1 , it should be realized that the plasmid system used in that work (37) (38) (39) is significantly more complex than the present minicircle system. In particular, the number of particles reconstituted, their exact content (tetramer or pseudooctamer of two stacked tetramers; see Results), as well as the DNA path around them, could not be determined (37) (38) (39) 42) . Beyond topoisomer +0.5, reconstitution increases with positive supercoiling at approximately the same rate as with negative supercoiling (Fig. 1C) . This suggests that all positive topoisomers use the same fraction (-1.5 kcal/mol) of their supercoiling energy to trigger the transition, the remaining energy serving to promote DNA wrapping, as observed in the negative branch of the curve (Fig. 1C) . Since the transition is spontaneously reversible (Fig. 2A) , an interesting question concerns the residual value of ALk required to maintain the alternative DNA conformation. This ALk value could be significantly smaller than the value required to trigger it, as suggested by the crossed appearance of MT(+ 1) under electron microscopy, which indicates that most of the topoisomer initial ALk went into writhe (assuming this crossing is indeed positive; see above).
The presence of positive topoisomers in MT relaxation equilibria (Fig. 2) indicates that DNA thermal fluctuations in the loop can, at least at their peak level, trigger the transition. This is in keeping with the relatively low energy estimated above for the transition: 1.5 kcal is only 2.5 times RT, the mean DNA thermal fluctuation energy. Given the dynamic nature of the relaxation equilibrium, which implies that the various forms continuously interconvert (20) , this means that the DNA fluctuates rapidly between left-handed and right-handed conformations. The lower amounts of the positive topoisomers relative to the negative topoisomers then simply reflect the higher free energy of the alternative conformation.
Protein Conformation. Although no direct information was derived from the protein, it is interesting to discuss the possible fate of the tetramer during the DNA transition. First, a change in its structure may occur through histone reschuffling (we have shown that histones are present as a tetramer on both negative and positive topoisomers; see Results). Three observations argue against this possibility: (i) the ability of the transition to occur back and forth rapidly, as demonstrated by the coexistence of negative and positive topoisomers in MT relaxation equilibria (see above and Fig. 2); (ii) the lack of an excess of naked DNA to trap the histones during reversal of the transition (Fig. 2A) ; and (iii) the failure of a disulfide bridge crosslink between the two H3s to inhibit the transition (Fig. 3) . Alternatively, the DNA may switch from one configuration to the other by slippage on a rigid histone surface. This possibility appears also unlikely in view ofthe crystal structure of the octamer at 3.1 A, which shows a unique path of the DNA on its surface, as indicated by the linearly ordered positions of the positively charged basic amino acid residues along it (43) .
A third possibility remains, that the change in the handedness of the DNA superhelix is somehow mediated by a similar change in the handedness of the tetramer itself. This hypothesis, as weird as it may look at first, becomes particularly appealing when the overall shape of the tetramer within the octamer crystal structure is considered (4). This tetramer actually resembles a twisted horseshoe forming a 0.75 turn of a proteinaceous left-handed molecular superhelix, with a large cavity in its center. [The DNA in MT(-1) must then simply follow the path of this protein superhelix (see above).] The left handedness of this superhelix is further described as resulting from the clockwise rotation of the two crescent-shaped H3-H4 dimers relative to each other around their H3-H3 interface (4). A highly schematic view of such tetramer overall shape is displayed in Fig. 5 (Left) .
We propose that the two H3-H4 dimers can somehow rotate in the reverse, counterclockwise direction around their H3-H3 interface (around the S-S bridge when oxidized), and form a right-handed molecular superhelix (Fig. 5, Right) . This rotation may be accomplished through local deformation of the structure in the dyad region. A change in protein topology is strongly supported by our recent data (unpublished) revealing an inhibition of the transition by steric hindrance at the dyad. Highly schematical representation of the (H3-H4)2 tetramer overall shape within the octamer. The tetramer resembles a shallow 0.75-turn horseshoe, made of two crescent-shaped sectors (the two H3-H4 dimers), which overlap each other on the dyad axis (dot), forming a small H3-H3 interface. Each sector is off the dyad-containing plane by about 150 in the clockwise direction, generating a left-handed proteinaceous molecular superhelix (4) . The S on each side of the dot figures the thiol group (SH) of H3 unique cysteine at position 110. SH are located on the dyad and are close enough (25, 26) to form a disulfide (S-S) bridge upon oxidation (ref. 24 and this work). It should be noted that the figure only shows the position of the maximal density of each histone. In the real structure, H3 and H4 polypeptides are partially intermingled so that some regions of H4 are closer to the dyad than depicted. (Right) Each sector was rotated around the H3-H3 interface, or the S-S bridge in the oxidized tetramer, in the counterclockwise direction, to form a right-handed molecular superhelix. In this model, this rotation requires positive torsional stress in the DNA (not shown) to be triggered and maintained (see text). The conformations shown are mirror-symmetric, which need not be the case in reality. H2A-H2B dimers can cap the left-handed tetramer to assemble an octamer, but not the right-handed tetramer (see Fig. 4A ).
dthiobis(2-nitrobenzoic acid (DTNB) (Ellman's reagent, ref. 45 ), or monobromobimane (46) . Consistently, subsequent reduction with 2-mercaptoethanol of the DTNB-treated material restored the flexibility. Short of crystals of tetramers (47) in their alternative conformation, atomic coordinates (4) may be used to model how the tetramer could sustain such deformation.
A Physiological Role for the Transition? The advantage of an (H3-H4)2 tetramer with an affinity for positively supercoiled DNA has been extensively commented upon (37) (38) (39) . Such a tetramer could sustain the positive supercoiling wave generated in front of the polymerase (48) and remain on the DNA, whereas H2A-H2B would be destabilized and released, in agreement with the observed exchange of H2A-H2B (but not of H3-H4) during transcription (6) (7) (8) . This tetramer could then serve as a nucleation site for the efficient regeneration of the nucleosome under the negative supercoiling wave generated in the wake of the polymerase (38, 39) . The model in Fig. 5 proposes that tetramer affinity for positive supercoiling is mediated by its ability to change its overall topology. Such potential conformational flexibility may be important not only for transcription elongation but also in transcription initiation. A possible scenario could be as follows. After H2A-H2B displacement by transacting factors, as often suggested, other factors may be recruited that could trigger tetramer transition possibly in an ATP-driven reaction. An intriguing candidate for this is the ubiquitous transcriptional activator SWI/SNF complex (49) , whose defect in swi/snf yeast mutants can be partly suppressed by compensatory mutations in genes for histones H3 and H4 (50, 51) . Because these mutations are single amino acid substitutions clustered around the tetramer dyad axis (52), they may affect (increase) tetramer flexibility.
Moreover, the SWI/SNF complex was recently shown to have a positive DNA supercoiling activity in the presence of bacterial topoisomerase I (53), also consistent with such a role. The activator protein would behave, in triggering the transition, like a "eucaryotic-gyrase," and would elicit almost two turns of unconstrained negative supercoiling which, in the absence of local topoisomerase relaxing activity, could unwind the double helix and facilitate binding of the polymerase or other regulatory proteins. Interestingly, such transcription elongation-independent negative supercoiling, which was thought to result from the removal or modification of nucleosomes, has recently been localized to the promoter region of the transcriptionally poised dihydrofolate reductase gene in vivo (54) . It is noteworthy that nucleosome removal would be only about one-half as efficient as the proposed mechanism in generating local negative supercoiling.
